Nucleon structure study is one of the most important research areas in modern physics and has challenged us for decades. Spin has played an essential role and often brought surprises and puzzles to the investigation of the nucleon structure and the strong interaction. New experimental data on nucleon spin structure at low to intermediate momentum transfers combined with existing high momentum transfer data offer a comprehensive picture in the strong region of the interaction and of the transition region from the strong to the asymptotic-free region. Insight for some aspects of the theory for the strong interaction, Quantum Chromodynamics (QCD), is gained by exploring lower moments of spin structure functions and their corresponding sum rules (i.e. the Bjorken, BurkhardtCottingham, Gerasimov-Drell-Hearn (GDH), and the generalized GDH). These moments are expressed in terms of an operator-product expansion using quark and gluon degrees of freedom at moderately large momentum transfers. The higher-twist contributions have been examined through the evolution of these moments as the momentum transfer varies from higher to lower values. Furthermore, QCD-inspired low-energy effective theories, which explicitly include chiral symmetry breaking, are tested at low momentum transfers. The validity of these theories is further examined as the momentum transfer increases to moderate values. It is found that chiral perturbation theory calculations agree reasonably well with the first moment of the spin structure function g 1 at low momentum transfer of 0.05 -0.1 GeV 2 but fail to reproduce some of the higher moments, noticeably, the neutron data in the case of the generalized polarizability δ LT . The Burkhardt-Cottingham sum rule has been verified with good accuracy in a wide range of Q 2 assuming that no singular behavior of the structure functions is present at very high excitation energies.
Introduction
The nucleons (proton and neutron), the basic building blocks of nuclear matter, account for more than 99.9% of the mass of the visible matter in the universe. Understanding the nucleon structure is one of the most important issues in modern physics and has challenged us for decades. The internal structure of the nucleon presents a wealth of fundamental questions, that have a deep impact on our understanding of Nature and the universe we live in.
The strong interaction, that is mostly responsible for the structure of the nucleon, poses a special challenge to us due to the strong and non-linear nature of the force. Quantum Chromodynamics (QCD) is the accepted theory for the strong interaction. Quarks and gluons are the fundamental particles and force mediators, while nucleons and mesons (pions, kaons, etc.), collectively called hadrons, are composite particles and effective force mediators. QCD has been well tested at high energy (asymptotic-free) when the interaction is relatively weak due to the running of strong coupling constant. However, at low energy (scale of the size of a hadron), the strong force becomes truly strong, leading to chiral symmetry breaking and the confinement of the quarks and gluons inside the hadron where none can escape to become free particles. In the strong region of QCD, the usual calculation technique of perturbative expansion fails, and QCD can not be easily solved. Effective field theories, such as chiral perturbation theory 1 , are often used. Recently, great progress has been made in the advancement of lattice QCD 2 , which has begun to provide some calculations of QCD in the strong region. Another approach 3 is to stay with the continuous field theory by using the Schwinger-Dyson equations. Newly developed anti-de Sitter/conformal field theory (AdS/CFT) 4 might provide another useful tool to study strong QCD.
In addition to the truly strong region, understanding the transition from weak (perturbative) to strong (non-perturbative) region is also very important. One approach is to start from high energy where the quarks and gluons (collectively called partons) are asymptotically free. With the help of the Operator Product Expansion (OPE) 5,6,7 , one can systematically expand to a twist series, where the leading twist term gives the parton distributions and the higher-twist terms characterize the quark-gluon and quark-quark correlations. Lattice QCD can also provide useful calculations. Constituent-quark models are also often used to provide intuitive pictures in this region.
Experimentally, deep-inelastic lepton scattering (DIS) together with other processes, such as Drell-Yan, direct photon and heavy quark productions, have been powerful tools to study nucleon structure. The unpolarized structure functions extracted from the last five decades, covering five-order of magnitudes in both Q 2 − and x−ranges, are the most extensive set of precision data in nucleon structure study. The longitudinally polarized structure functions extracted from the last three decades have reached reasonable precision, covering two to three-order of magnitudes in Q 2 − and x− ranges. Transversely polarized measurements have been the recent focus, but are still scarce. The lower moments of the structure functions provide the most direct tests and comparisons with theoretical calculations through sum rules.
In the study of nucleon structure, spin has played an essential role and often brought big surprises. Spin was first introduced as an internal property of a particle, related to the magnetic moment, to explain the famous Stern-Gerlach results 8 that the silver atoms split into two beams after passing through an inhomogeneous magnetic field. The discovery of the anomalous magnetic moment of the proton 9 was the first big spin surprise. This discovery was the beginning of the (indirect) study of nucleon structure, since the anomalous magnetic moment was one piece of evidence for the internal structure of the nucleon. Later on, it was related to the integration of the excitation spectrum of nucleon spin structure by the sum rule of Gerasimov, Drell and Hearn (GDH) 10,11 . The direct study of nucleon structure started decades later when Hofstadter 12 used elastic electron scattering to directly measure the form factors of the proton.
In the last thirty years, the spin structure of the nucleon has led to very productive experimental and theoretical activity with exciting results and new challenges 13 . This investigation has included a variety of aspects such as testing QCD in its perturbative region via spin sum rules (like the Bjorken sum rule 14 ) and understanding how the spin of the nucleon is built from the intrinsic degrees of freedom of the theory: quarks and gluons. Recently, results from a new generation of experiments performed at Jefferson Lab seeking to probe the theory in its non-perturbative and transition regions have reached a mature state. The low momentum-transfer results offer insight in a region characterized by the collective behavior of the nucleon constituents and their interactions. In this region, it has been more economical to describe the nucleon using effective degrees of freedom like mesons and constituent quarks rather than current quarks and gluons. Furthermore, distinct features seen in the nucleon response to the electromagnetic probe, depending on the resolution of the probe, point clearly to different regions of description, i.e. a scaling region where quark-gluon correlations are suppressed versus a coherent region where long-range interactions give rise to the static properties of the nucleon.
In this review we describe an investigation 15−32 of the spin structure of the nucleon through measurements of the helicity-dependent photoabsorption cross sections or asymmetries by using virtual photons covering a wide resolution spectrum. These observables are used to extract the spin structure functions g 1 and g 2 and evaluate their moments. These moments are key ingredients to test QCD sum rules and unravel some aspects of the quark-gluon structure of the nucleon.
Formalism
Leptons do not involve the strong interaction directly. With the electromagnetic interaction well-understood, lepton beams have been a very powerful precision probe to study nucleon structure. Consider deep-inelastic scattering of polarized leptons on polarized nucleons. We denote by m the lepton mass, k (k ′ ) the initial (final) lepton four-momentum and s (s ′ ) its covariant spin four-vector, such that
; the nucleon mass is M and the nucleon four-momentum and spin four-vector are, respectively, P and S. Assuming, as is usually done, one-photon exchange (see Fig. 1 ), the differential cross section for detecting the final polarized lepton within the solid angle dΩ and the final energy range (
can be written as
where q = k − k ′ and α is the fine structure constant. The leptonic tensor L µν is given by
and can be split into symmetric (S) and antisymmetric (A) parts under µ and ν interchange:
where u(k, s) andū(k ′ , s ′ ) are electron spinors, and
The unknown hadronic tensor W µν describes the interaction between the virtual photon and the nucleon and depends upon four scalar structure functions: the unpolarized functions F 1,2 and the spin-dependent functions g 1,2 (ignoring parityviolating interactions). These functions contain information on the internal structure of the nucleon. They can be experimentally measured and then be studied in theoretical models, such as the QCD-parton model. The functions can only depend on the scalars q 2 and q · P . Usually people work with
where ν = E − E ′ is the energy of the virtual photon in the Lab frame. The variable x, known as "x-Bjorken", is the fraction of momentum carried by the struck quark in the simple parton model. We also refer to the invariant mass of the (unobserved) final state, W = (P + q)
µν (q; P, S).
The symmetric part, relevant to unpolarized DIS, is given by
The antisymmetric part, relevant for polarized DIS, can be written as
or, in terms of the scaling functions g 1,2
Note that these expressions are electromagnetically gauge-invariant:
In the Bjorken limit, or deep-inelastic regime,
the structure functions F 1,2 and g 1,2 are known to approximately scale, i.e., vary very slowly with Q 2 at fixed x -in the simple parton model they scale exactly; in QCD their Q 2 -evolution can be calculated perturbatively. The differential cross section for unpolarized leptons scattering off an unpolarized target can be written as
While differences of cross sections with opposite target spins are given by
(15) After some algebra 36 , one obtains from Eqs. (4, 5, 8, 11, 14, 15) expressions for the unpolarized cross section and polarized cross-section differences (note that the lepton-mass terms are neglected):
• The unpolarized cross section is given by
where θ is the scattering angle in the laboratory frame and the Mott cross section is given by
• For the lepton and target nucleon polarized longitudinally, i.e. along or opposite to the direction of the lepton beam, the cross-section difference under reversal of the nucleon's spin direction (indicated by the double arrow) is given by
(18) • For nucleons polarized transversely in the scattering plane, one finds
These two independent observables allow measurement of both g 1 and g 2 (as has been done at SLAC and in Jefferson Lab's Halls A and C), but the transverse cross section difference is generally smaller because of kinematic factors and therefore more difficult to measure. Only in the past decade has it been possible to gather precise information on g 2 , which indeed turns out to be usually smaller than g 1 in the deep-inelastic region.
Experimental results are often presented in the form of asymmetries, which are ratios of the cross-section differences to the unpolarized cross section.
For a longitudinally polarized target, the measured asymmetry is
and for a transversely polarized target
It is customary to introduce the (virtual) photon-nucleon asymmetries A 1,2 :
and
where
and σ T , σ T T and σ LT are the virtual photon cross sections (see below for the definitions of virtual photon cross sections). From Eqs. (16, 18, 19) , it follows that
is the ratio of the longitudinal and transverse virtual photon cross sections. There exists a restrictive bound on A 2 37,38 :
In the virtual photon notation, the inclusive inelastic cross section can be written in terms of a virtual photon flux factor and four partial cross sections 39
with the photon polarization
and the flux factor
where K is the "equivalent photon energy" and here we will use the definition according to Hand 40
h = ±1 refers to the two helicity states of the (relativistic) lepton. P z is the target polarization along the direction of the virtual photon and P x , perpendicular to that direction in the scattering plane of the electron. The partial cross sections are related to the structure functions as follows:
where σ 1/2 and σ 3/2 are the helicity cross sections with 1/2 and 3/2 referring to the total helicity of the (virtual) photon-nucleon system. Note that in the above we have kept terms of order M 2 /Q 2 and smaller. They are sometimes necessary in order to extract the correct experimental values of the structure functions from the measured asymmetries. However, the QCD analysis of the structure functions is often carried out at leading twist only, ignoring highertwist terms, i.e., higher order in M 2 /Q 2 . This is clearly inconsistent in cases where the above terms could be important, for example Jefferson Lab experiments.
Sum rules and Moments
Sum rules involving the spin structure of the nucleon offer an important opportunity to study QCD. In recent years the Bjorken sum rule at large Q 2 and the GDH sum rule at Q 2 = 0 have attracted large experimental 33,34,35 and theoretical 43 efforts that have provided us with rich information. This first type of sum rules relates the moments of the spin structure functions (or, equivalently, the spin-dependent virtual photon cross sections) to the nucleon's static properties. The second type of sum rules, such as the generalized GDH sum rule 44,45 or the polarizability sum rules 46,47 , relate the moments of the spin structure functions to real or virtual Compton amplitudes, which can be calculated theoretically. Both types of sum rules are based on "unsubtracted" dispersion relations and the optical theorem 48 . The first type of sum rules uses one more general assumption such as a low-energy theorem 49 for the GDH sum rule and the Operator Production Expansion (OPE) 50 for the Bjorken sum rule to relate the Compton amplitude to a static property.
The formulation below follows closely Refs. 46,47 . Consider the forward doublyvirtual Compton scattering (VVCS) of a virtual photon with space-like fourmomentum q, i.e.,
The absorption of a virtual photon on a nucleon is related to inclusive electron scattering. As discussed in the previous section, the inclusive cross section contains four partial cross sections (or structure
In this review, we will concentrate on the spin-dependent functions, σ T T , σ LT (or g 1 , g 2 ). In the following discussion, we will start with the general situation, i.e., sum rules valid for all Q 2 , then discuss the two limiting cases at low Q 2 and at high Q 2 . Considering the spin-flip VVCS amplitude g T T and assuming it has an appropriate convergence behavior at high energy, an unsubtracted dispersion relation leads to the following equation for g T T :
where g pole T T is the nucleon pole (elastic) contribution, P denotes the principal value integral. The lower limit of the integration ν 0 is the pion-production threshold on the nucleon. A low-energy expansion gives:
is the coefficient of the O(ν) term of the Compton amplitude. Eq. (44) defines the generalized forward spin polarizability γ T T (Q 2 ) (or γ 0 (Q 2 ) as it was used in Refs. 18, 46 ) . Combining Eqs. (43) and (44), the O(ν) term yields a sum rule for the generalized GDH integral 43,44 :
As Q 2 → 0, the low-energy theorem relates I(0) to the anomalous magnetic moment of the nucleon, κ, and Eq. (45) becomes the original GDH sum rule 10,11 :
The O(ν 3 ) term yields a sum rule for the generalized forward spin polarizability 46,47 :
Considering the longitudinal-transverse interference amplitude g LT , with the same assumptions, one obtains: (48) where the O(1) term leads to a sum rule for I LT (Q 2 ), which is related to the σ LT integral over the excitation spectrum:
The O(ν 2 ) term leads to the generalized longitudinal-transverse polarizability 46,47 :
Alternatively, we can consider the covariant spin-dependent VVCS amplitudes S 1 and S 2 , which are related to the spin-flip amplitudes g T T and g LT :
The dispersion relation with the same assumptions leads to
where the O(1) term leads to a sum rule for I 1 (Q 2 ):
The O(ν 2 ) term leads to the generalized g 1 polarizability:
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For S 2 , assuming a Regge behavior at ν → ∞ given by S 2 → ν α2 with α 2 < −1, the unsubtracted dispersion relations for S 2 and νS 2 , without the elastic pole subtraction, lead to a "super-convergence relation" that is valid for any value of
which is the Burkhardt-Cottingham (BC) sum rule 51 . This expression can also be written as
where F P and F D are the Pauli and Dirac form factors for elastic e-N scattering.
The low-energy expansion of the dispersion relation leads to
where the O(ν 4 ) term gives the generalized g 2 polarizability:
At high Q 2 , the OPE 5,6,7,53 for the VVCS amplitude leads to the twist expansion:
with the coefficients µ τ related to nucleon matrix elements of operators of twist ≤ τ . Here twist is defined as the mass dimension minus the spin of an operator, and the µ τ are perturbative series in α s , the running strong coupling constant. Note that the application of the OPE requires a summation over all hadronic final states including the ground state at x = 1. The leading-twist (twist-2) component, µ 2 , is determined by matrix elements of the axial vector operatorψγ µ γ 5 ψ summed over quark flavors, where ψ are the quark field operators. It can be decomposed into flavor triplet (g A ), octet (a 8 ) and singlet (∆Σ) axial charges,
where +(-) corresponds to proton (neutron), and the O(α s ) terms involve the Q 2 −evolution due to the QCD radiative effects that can be calculated from perturbative QCD. The triplet axial charge is obtained from neutron β-decay, while the octet axial charge can be extracted from hyperon weak-decay matrix elements assuming SU(3) flavor symmetry. Within the quark-parton model ∆Σ is the amount of nucleon spin carried by the quarks. Deep Inelastic Scattering (DIS) experiments at large Q 2 have extracted this quantity through a global analysis of the world data 13 .
Eqs. (59) and (60), at leading twist and with the assumptions of SU(3) flavor symmetry and an unpolarized strange sea, lead to the Ellis-Jaffe sum rule 52 . The difference between the proton and the neutron gives the flavor non-singlet term:
which becomes the Bjorken sum rule at the Q 2 → ∞ limit. If the nucleon mass were zero, µ τ would contain only a twist-τ operator. The non-zero nucleon mass induces contributions to µ τ from lower-twist operators. The twist-4 term contains a twist-2 contribution, a 2 , and a twist-3 contribution, d 2 , in addition to f 2 , the twist-4 component 7,53,54 :
The twist-2 matrix element a 2 is
where e q is the electric charge of a quark with flavor q, D ν are the covariant derivatives and the parentheses {· · · } denote symmetrization of indices. The matrix element a 2 is related to the second moment of the twist-2 part of g 1 :
Taking Eq. (64) as the definition of a 2 , it is now generalized to any Q 2 including twist-2 and higher-twist contributions. At low Q 2 , the inelastic part of a 2 is related to γ g1 , which is the generalized g 1 polarizability:
Note that at large Q 2 , the elastic contribution is negligible and a 2 becomes a 2 . The twist-3 component, d 2 , is defined by the matrix element 7,53,54 :
where g is the QCD coupling constant, F µν = (1/2)e µναβ F αβ is the dual gluon-field strength tensor, F αβ are the gluon field operators and the parentheses [· · · ] denote antisymmetrization of indices. This matrix element depends explicitly on gauge (gluon) fields. The gauge fields can be replaced by quark fields using the QCD equation of motion 53 . Then, the matrix element can be related to the second moments of the twist-3 part of g 1 and g 2 :
is the twist-2 part of g 2 as derived by Wandzura and Wilczek 55
The definition of d 2 with Eq. (67) is generalized to all Q 2 . At low Q 2 , the inelastic part of d 2 (Q 2 ) is related to the polarizabilities:
At large Q 2 , d 2 becomes d 2 since the elastic contribution becomes negligible. The twist-4 contribution to µ 4 is defined by the matrix element
This matrix element depends also explicitly on gauge (gluon) fields. The gluon fields can be replaced with the "bad" components of quark fields using the QCD equation of motion 7,53 . Then this matrix element can be related to moments of parton distributions:
is the twist-4 distribution function defined in terms of the "bad" components of quark fields in the light-cone gauge, and p is along the direction of "bad" components (perpendicular to the light cone direction) a . With only g 1 and g 2 data available, f 2 can be extracted through Eqs. (59) and (62) if the twist-6 or higher terms are not significant or are included in the extraction.
The twist-3 and 4 operators describe the response of the collective color electric and magnetic fields to the spin of the nucleon. Expressing these matrix elements in terms of the components of F µν in the nucleon rest frame, one can relate d 2 and f 2 to color electric and magnetic polarizabilities. These are defined as 53,54
where S is the nucleon spin vector, j µ a is the quark current, E a and B a are the color electric and magnetic fields, respectively. In terms of d 2 and f 2 the color polarizabilities can be expressed as
Recently, M. Burkardt pointed out 56 that d 2 and f 2 are local correlators. He suggested that instead of calling them color polarizabilities, they may more appropriately be identified with the transverse component of the color-Lorentz force acting on the struck quark. Furthermore, he pointed out an interesting link between d 2 and the Sivers function, a transverse-momentum-dependent (TMD) distribution function. Since this is beyond the scope of this article, interested readers can find the details in Ref. 56 .
Summary of experimental situation before JLab
Before Jefferson Lab started experiments with polarized beams and targets, most of the spin structure measurements of the nucleon were performed at high-energy facilities like CERN (EMC 57 and SMC 58,59,60,61,62 ), DESY (HERMES 63,64,65 ) and SLAC (E80 66 , E130 67 , E142 68 , E143 69 , E154 70,71 , E155 72,73 and E155x 74 ). The measured g 1 and g 2 data were suitable for an analysis in terms of perturbative QCD. The impetus for performing these experiments on both the proton and the neutron was to test the Bjorken sum rule, a fundamental sum rule of QCD. After twenty-five years of active investigation this goal was accomplished with a test of this sum rule to better than 10%. The spin structure of the nucleon was unraveled in the same process. Among the highlights of this effort is the determination of the total spin content of the nucleon due to quarks, ∆Σ (see Eq. (60)). This study also revealed the important role of the quark orbital angular momentum and gluon total angular momentum. The main results from this inclusive double spin asymmetry measurement program have led to new directions: namely the quest for an experimental determination of the orbital angular momentum contribution 77,78 (e.g., with Deep Virtual Compton Scattering and Transverse Target Single Spin Asymmetry measurements at Jefferson Lab, HERA and CERN) and the gluon spin contribution (with COMPASS 75 and RHIC-spin 76 experiments). These efforts will be ongoing for the next few decades.
Recent results from Jefferson Lab

JLab experiments
With a high current, high polarization electron beam of energy up to 6 GeV and state-of-the-art polarized targets, JLab has completed a number of experiments, which have extended the database on spin structure functions significantly both in kinematic range (low Q 2 and high x) and in precision. The neutron results are from Hall A 79 using polarized 3 He 80 as an effective polarized neutron target and two high resolution spectrometers. The polarized luminosity reached 10 36 s −1 cm −2 with in-beam polarization improved from 35% (1998) to over 65% (2008) . The proton and deuteron results are from Hall B 81 with the CLAS detector and Hall C with the HMS spectrometer and using polarized NH 3 and ND 3 targets 87 with in-beam polarization of about 80% and 40%, respectively.
Results of the generalized GDH sum for the neutron and 3 He
The spin structure functions g 1 and g 2 (or σ T T and σ LT ) were measured in Hall A experiment E94-010 on 3 He from break-up threshold to W = 2 GeV covering the Q 2 −range of 0.1-0.9 GeV 2 . The generalized GDH integrals I(Q 2 ) (Eq.45) (open symbols) were extracted for 3 He 19 (top plot of Fig. 2 ) and for the neutron 16 (bottom). The solid squares include an estimate of the unmeasured high-energy part.
The 3 He results rise with decreasing Q 2 . Since the GDH sum rule at Q 2 = 0 predicts a large negative value, a drastic turn around should happen at Q 2 lower than 0.1 GeV 2 . A simple model using MAID plus quasielastic contributions estimated from a PWIA model 84 indeed shows the expected turn around. The data at low Q 2 should be a good testing ground for few-body chiral perturbation theory calculations when they are available.
The neutron results indicate a significant yet smooth variation of I(Q 2 ) to increasingly negative values as Q 2 varies from 0.9 GeV 2 towards zero. The data are more negative than the MAID model calculation 43 . Since the calculation only includes contributions to I(Q 2 ) for W ≤ 2 GeV, the model should be compared with the open squares. The GDH sum rule prediction, I(0) = −232.8 µb, is indicated along with extensions to Q 2 > 0 using two next-to-leading order chiral perturbation theory (χPT) calculations: one of them using the heavy baryon approximation (HBχPT) 95 (dotted line) and the other relativistic baryon χPT (RBχPT) 97 (dotdashed line). Shown with a brown band is a RBχPT prediction including resonance effects 97 . The large uncertainty is due to the resonance parameters used.
Improved calculations 98,99 as well as further measurements 15 will help clarify the situation. 
First moments of g 1 and the Bjorken sum
The first moment of g 1 , Γ 1 , was extracted from E94-010 for the neutron 17 and 3 He 19 , and from the CLAS eg1 experiment for the proton 22 , the deuteron 23 and the neutron (from the deuteron with the proton contribution subtracted) over a Q 2 −range from 0.05 to 5 GeV 2 . The results are plotted in Fig. 3 . Also plotted are the results at Q 2 = 1.3 GeV 2 from the Hall C RSS experiment 27 . These moments show a strong yet smooth variation in the transition region (Q 2 from 1 to 0.05 GeV 2 ). The lowest Q 2 (0.05-0.1 GeV 2 ) data are compared with two χPT calculations and are in reasonable agreement.
Also plotted are the preliminary neutron data at very low Q 2 of 0.04 to 0.24 GeV 2 from the Hall A E97-110 experiment. The precision of the preliminary data is currently limited by systematic uncertainties, which are expected to be reduced significantly when the final results become available. The new data are in good agreement with published results in the overlap region. The data in the very low Q 2 −region provide a benchmark test of the χPT calculations, since they are expected to work in this region. The results agree well with both χPT calculations and also indicate a smooth transition as Q 2 approaches zero. The bottom-right panel shows the first moment for p-n 32 , a flavor non-singlet combination, which is the Bjorken sum at large Q 2 [61] . The Bjorken sum was used to extract the strong coupling constant α s at high Q 2 (5 GeV 2 ). An attempt was made to extract an "effective coupling" α s,g1 in the low Q 2 −region using the Bjorken sum, see section 5.9.
At large Q 2 , the data agree with pQCD models where the higher-twist effects are small.
First moment of g 2 : B-C sum
Measurements of g 2 require transversely polarized targets. SLAC E155x 74 performed the only dedicated g 2 measurement prior to JLab. At JLab, g 2 and its moments have been extensively measured for the neutron with a polarized . The published results from E94-010 and the preliminary results from E97-110 and E02-012 are the most precise data on the B-C sum rule and are consistent with the expectation of zero, within small systematic uncertainties. The RSS experiment in Hall C 27 took data on g 2 for the proton and deuteron, at an average Q 2 of about 1.3 GeV 2 . For the proton (top panel of Fig. 4) , the integral over the measured resonance region is negative, but after the elastic contribution and the estimated small-x part are added, the preliminary result for the B-C sum is consistent with zero. Preliminary result on the deuteron and the neutron (from d and p) are also consistent with zero within uncertainties. The precision data from JLab are consistent with the B-C sum rule in all cases, indicating that g 2 is a well-behaved function with good convergence at high energy though the high energy part is mostly unmeasured.
Spin Polarizabilities
The generalized spin polarizabilities provide benchmark tests of χPT calculations at low Q 2 . Since the generalized polarizabilities have an extra 1/ν 2 weighting compared to the first moments (GDH sum or I LT ), these integrals have less of a contribution from the large-ν region and converge much faster, which minimizes the uncertainty due to the unmeasured region at large ν.
At low Q 2 , the generalized polarizabilities have been evaluated with χPT calculations 96,105 . One issue in the χPT calculations is how to properly include the nucleon resonance contributions, especially the ∆ resonance which usually dominates. As was pointed out in Ref. 96, 105 , while γ 0 is sensitive to resonances, δ LT is insensitive to the ∆ resonance. Measurements of the generalized spin polarizabilities are an important step in understanding the dynamics of QCD in the chiral perturbation region. 2 point, the RBχPT calculation including the resonance contributions agrees with the experimental result. For the HBχPT calculation without explicit resonance contributions, the discrepancy is large even at Q 2 = 0.1 GeV 2 . This might indicate the significance of the resonance contributions or a problem with the heavy baryon approximation at this Q 2 . The higher-Q 2 data point is in good agreement with the MAID prediction, but the lowest data point at Q 2 = 0.1 GeV 2 is significantly lower, consistent with what was observed for the generalized GDH integral result (Section 5.2). Since δ LT is insensitive to the dominating ∆-resonance contribution, it was believed that δ LT should be more suitable than γ 0 to serve as a testing ground for the chiral dynamics of QCD 96,105 . The bottom-left panel of Fig. 5 shows δ LT compared to χPT calculations and the MAID predictions. It is surprising to see that the data are in significant disagreement with the χPT calculations even at the lowest-Q 2 of 0.1 GeV 2 . This discrepancy presents a significant challenge to the present theoretical understanding. The MAID predictions are in good agreement with the results.
The other panels of Fig. 5 present results of γ 0 for the proton 25 and for the isospin decompositions: p-n and p+n 32 .
These results are in strong disagreements with both χPT calculations. Since γ 0 is sensitive to the ∆ contributions, this may indicate that the treatment of the ∆ contributions in the χPT calculations needs to be taken into account properly. Progress in this direction is expected in the near future 98 .
Higher moment d 2 and higher twist: twist-3
Another combination of the second moments, d 2 (Q 2 ), provides an efficient way to study the high-Q 2 behavior of nucleon spin structure, since at high Q 2 it is related to a matrix element d 2 (color polarizability) which can be calculated from Lattice QCD. This moment also provides a means to study the transition from high to low 
, data (SLAC alone and SLAC combined with JLab E99-117) are positive. The lattice QCD prediction 106 at Q 2 = 5 GeV 2 is negative but close to zero and is about two sigmas away from the data. We note that all models (not shown at this scale) predict a small negative or zero value at large Q 2 . Highprecision data at large Q 2 will be crucial for a benchmark test of the lattice QCD predictions and for understanding the dynamics of the quark-gluon correlations.
Also shown are the d 2 result on the proton from Hall C 28 at Q 2 = 1.3 GeV 2 and the same result evolved to Q 2 = 5 GeV 2 along with the SLAC data and the Lattice QCD calculation.
Higher twist extractions: f 2 , twist-4
The higher-twist contributions to Γ 1 can be obtained by a fit with an OPE series, Eq. (59), truncated to an order appropriate for the precision and Q 2 -span of the data. The goal is to determine the twist-4 matrix element f 2 . Once µ 4 is obtained, f 2 is extracted by subtracting the leading-twist contributions of a 2 and d 2 following Eq. (62) . The data precision and Q 2 −range allow a fit to both the µ 4 and µ 6 terms. To have an idea how the higher-twist terms (twist-8 and above) affect the twist-4 term extraction, it is necessary to study the convergence of the expansion and to choose the Q 2 −range in a region where the µ 8 term is not significant. A fit with three terms (µ 4 , µ 6 and µ 8 ) was also preformed for this purpose. This study was possible only because of the availability of the high-precision low-Q 2 data from JLab.
Higher-twist analyses have been performed on the proton 31 , the neutron 29 and the Bjorken sum 32 . An earlier proton analysis is available 30 but will not be presented here, since that analysis used a different procedure. Γ 1 at moderate Q 2 is obtained as described in section 5.1. For consistency, the unmeasured low-x parts of the JLab Γ p 1 and of the world data on Γ 1 were re-evaluated using the same prescription previously used for Γ . The elastic contribution, negligible above Q 2 of 2 GeV 2 but significant (especially for the proton) at lower values of Q 2 , was added using the parametrization of Ref. 103 . The leading-twist term µ 2 was determined by fitting the data at Q 2 ≥ 5 GeV 2 assuming that higher twists are negligible in this Q 2 −region. A value of g A = 1.270 ± 0.045 was obtained for the Bjorken sum. Using the proton (neutron) data alone, and with input of g A from neutron beta decay and a 8 from hyperon decay (assuming SU(3) flavor symmetry), we obtained ∆Σ = 0.15 ± 0.07 for the proton and ∆Σ = 0.35 ± 0.08 for the neutron. We note that there is a significant difference between ∆Σ determined from the proton and from the neutron data. This is the main reason why the extracted µ 4 and f 2 from the Bjorken sum is different compared to the difference of those extracted individually from the proton and neutron, since the Bjorken sum does not need the The fit results using an expansion up to (1/Q 6 ) in determining µ 4 are summarized in Table 1 . In order to extract f 2 , as shown in Table 2 , the targetmass corrections a 2 were evaluated using the Blumlein-Boettcher world data parametrization 108 for the proton and a fit to the world neutron data, which includes the recent high-precision neutron results at large x 110 . The d 2 values used are from SLAC E155x 74 (proton) and JLab E99-117 110 (neutron). Table 1 . Results of µ 4 , µ 6 and µ 8 at Q 2 = 1 GeV 2 for proton, neutron and p − n. The uncertainties are first statistical, then systematic. Table 2 . Results of f 2 , χ E and χ B at Q 2 = 1 GeV 2 for proton, neutron and p − n. The uncertainties are first statistical, then systematic. The Γ 1 moments were fit, varying the minimum Q 2 −value to study the convergence of the OPE series. The extracted quantities have large uncertainties (dominated by the systematic uncertainty) but are stable with respect to a minimal Q 2 −value when it is below 1 GeV 2 . The results do not vary significantly when the µ 8 term is added, which justifies a posteriori the use of the truncated OPE series in the chosen Q 2 −range. In the proton case, the elastic contribution makes a significant contribution to the µ 6 term at low Q 2 but this does not invalidate a priori the validity of the series since the elastic contributes mainly to µ 6 and µ 8 , but remains small compared to µ 4 . We notice the alternation of signs between the coefficients. This leads to a partial suppression of the higher-twist effects and may be a reason for quark-hadron duality in the spin sector 111 . We also note that the sign alternation is opposite for the proton and neutron. Following Eq. (73), the electric and magnetic color polarizabilities were determined. Overall, the values given in Table 2 are small, and we observe a sign change in the electric color polarizability between the proton and the neutron. We also expect a sign change in the color magnetic polarizability. However, with the large uncertainty and the small negative value of the neutron χ B , it is difficult to confirm this expectation. The integral of g 1 over the whole resonance region begins to agree with the NLO results above Q 2 ≈ 1.7 GeV 2 (see Fig. 7 ). The results on the proton and deuteron from eg1b 26 thus indicate a much slower approach to "global" duality for the polarized structure function g 1 than has been observed for the unpolarized structure functions 111 Local duality seems violated in the ∆−resonance region even for Q 2 −values as high as 5 GeV 2 . The data taken by the RSS collaboration in Hall C 27 corroborate these observations and add more precise data points for Q 2 ≈ 1.3 GeV 2 .
- between the calculation and the data is observed, pointing to the limit of applicability of χPT as Q 2 becomes larger. The comparison of results for the forward spin polarizabilities γ 0 (Q 2 ) and δ LT with the χPT calculations show significant disagreements. γ 0 (Q 2 ) has significant contributions from the ∆ resonance and its inclusion in χPT calculations have not been fully worked out. The disagreements may indicate a better treatment of the ∆ resonance is needed in the χPT calculations. On the other hand, the χPT calculation of δ LT was expected to offer a faster convergence because of the absence of the ∆ contribution. However, none of the available χPT calculations can reproduce δ LT for the neutron at the lowest Q 2 point of 0.1 GeV 2 . This discrepancy presents a significant challenge to our theoretical understanding at its present level of approximations.
Overall, the trend of the data is well described by phenomenological models. The dramatic Q 2 −evolution of I GDH from high to low Q 2 was observed as predicted by these models for both the proton and the neutron. This behavior is mainly determined by the relative strength and sign of the ∆ resonance compared to that of higher-energy resonances and deep-inelastic processes. This also shows that the current level of phenomenological understanding of the resonance spin structure using these moments as observables is reasonable.
The neutron BC sum rule is observed to be verified within experimental uncertainties in the low-Q 2 region due to a cancellation between the inelastic and the elastic contributions. The BC sum rule is expected to be valid at all Q 2 . This test validates the assumptions going into the BC sum rule, which provides confidence in sum rules with similar assumptions. In the Q 2 -region above 0.5 GeV 2 , the first moment of g 1 for the proton, neutron and the proton-neutron difference were re-evaluated using the world data and the same extrapolation method of the unmeasured regions for consistency. Then, in the framework of the OPE, the higher-twist f 2 and d 2 matrix elements were extracted. The low-Q 2 data have allowed us to gauge the convergence of the expansion used in this analysis. The extracted higher-twist (twist-4 and above) effects are not significant for Q 2 above 1 GeV 2 . This fact may be related to the observation that quark-hadron duality works reasonably well at Q 2 above 1 GeV 2 . Finally, the proton and neutron electric and magnetic color polarizabilities were determined by combining the twist-4 matrix element f 2 and the twist-3 matrix element d 2 from the world data. Our findings show a small and slightly positive value of χ E and a value of χ B close to zero for the neutron, while the proton has slightly larger values for both χ E and χ B but with opposite signs.
Overall, the new JLab data have provided valuable information on the transition between the non-perturbative to the perturbative regime of QCD. They form a precise data set for twist expansion analysis and a check of χPT calculations.
Recently completed measurements 115,116 and future 12 GeV experiments 115 on the g 1 , g 2 structure functions and d 2 moments for the proton and neutron at Q 2 ≈ 1−5 GeV 2 will reduce the uncertainty in the extracted higher-twist coefficients and provide a benchmark test of Lattice QCD.
